Previous gain-of-function assays in Xenopus have demonstrated that Xwnt-3a can pattern neural tissue by reducing the expression of anterior neural genes, and elevating the expression of posterior neural genes. To date, no loss-of-function studies have been conducted in Xenopus to show a requirement of endogenous Wnt signaling for patterning of the neural ectoderm along the anteroposterior axis. We report that expression of a dominant negative Wnt in Xenopus embryos causes a reduction in the expression of posterior neural genes, and an elevation in the expression of anterior neural genes, thereby confirming the involvement of endogenous Wnt signaling in patterning the neural axis. We further demonstrate that the ability of Xwnt-3a to decrease expression of anterior neural genes in noggin-treated explants is dependent upon a functional FGF signaling pathway, while the elevation of expression of posterior neural genes does not require FGF signaling. The previously reported ability of FGF to elevate the expression of posterior neural genes in noggin-treated explants was found to be dependent on endogenous Wnt signaling. We conclude that neural induction occurs initially in a Wnt-independent manner, but that generation of complete anteroposterior neural pattern requires the cooperative actions of Wnt and FGF pathways.
Introduction
Neurogenesis in the amphibian embryo is a multi-step process whereby the initial events of neural induction can be temporally distinguished from the establishment of regional identity along the anterior-posterior axis. During early gastrulation dorsal mesoderm invaginates and induces anterior neural tissue in the overlying ectoderm as originally demonstrated by grafting studies of Spemann (1938) . As gastrulation continues, progressively more posterior mesoderm comes to lie underneath the anterior neural ectoderm and transforms it into posterior neural tissue. Nieuwkoop and colleagues suggested a two signal model to account for the differences seen in the type of neural tissue induced during early and late gastrulation (Toivonen and Saxen, 1968; Nieuwkoop, 1985) . The first signal functions to initiate neural development, inducing anterior neural tissue. The second signal modifies the induced tissue to generate posterior neural pattern. Recent studies using region specific neural markers and purified factors have demonstrated the validity of this model and have furthered our understanding of the molecular mechanisms involved in the establishment of anteroposterior neural pattern (reviewed by Lumsden and Krumlauf, 1996; Tanabe and Jessell, 1996; Wilson and Hemmati-Brivanlou, 1997) .
Noggin was the first secreted factor shown to have neuralinducing activity in vitro (Lamb et al., 1993) . When added to animal cap explants of blastula ectoderm purified noggin protein caused the induction of a pan-neural marker, NCAM, in the absence of detectable mesoderm. Two other secreted proteins, chordin (Sasai et al., 1994) and follistatin (Hemmati-Brivanlou et al., 1994) have been identified as candidate neural inducing molecules using this in vitro assay. However, the type of neural tissue induced by all three of these factors was largely of anterior character. Therefore, these results provide molecular support of Nieuwkoop's theory, but they also suggest a requirement for other factors that have the ability to modify anterior neural tissue and thereby generate the full range of anteroposterior neural gene expression.
Wnt genes encode a family of secreted glycoproteins that direct cell signaling events in vertebrate embryos and have been shown to work in a combinatorial manner with other growth factors such as FGF (reviewed by McMahon, 1992; Nusse and Varmus, 1992; Moon et al., 1997) . While some Wnts participate in mesoderm formation, most are expressed in highly discrete patterns in the nervous system (Wolda and Moon, 1992; McGrew et al., 1992; Takada et al., 1994) . We have previously employed gain-of-function analyses to investigate whether or not a neural Wnt could synergize with neural inducing factors to pattern the anteroposterior axis. The results demonstrated that overexpression of Xwnt-3a in prospective ectoderm does not induce neural tissue. However, in the presence of neural inducing factors such as noggin, follistatin, or chordin, Xwnt-3a modifies the anterior character of the induced neural ectoderm such that posterior neural genes are induced, and anterior neural genes are suppressed (McGrew et al., 1995; unpublished data) . The activity of Xwnt-3a is mimicked by b-catenin, a known cytoplasmic component of the Wnt-1 signaling pathway (Miller and Moon, 1996) . These data establish Wnts as viable candidates as the second signal in the two signal model of Nieuwkoop and colleagues.
Members of the fibroblast growth factor (FGF) family have also been found to influence anteroposterior pattern in neural ectoderm. In Xenopus, eFGF Pownall et al., 1996) , FGF3 , and XFGF-9 (Song and Slack, 1996) are expressed in the posterior dorsal mesoderm during gastrulation, consistent with potential roles in neural patterning. When bFGF is added to noggin-treated animal caps from early gastrula embryos, both anterior and posterior neural genes are induced, while noggin alone induces only anterior neural genes (Lamb and Harland, 1995) . In a complimentary set of experiments Cox and Hemmati-Brivanlou (1995) found that bFGF could progressively posteriorize neural ectoderm explanted from early neurula embryos. Exposure of presumptive forebrain tissue to bFGF resulted in its transformation to hindbrain and a similar treatment transformed presumptive hindbrain tissue to spinal cord. These results indicate that bFGF has the ability to repattern the neural ectoderm after regional gene expression has already begun in the whole embryo. Thus, FGF has the ability to posteriorize both anterior and regionally patterned neural ectoderm in vitro. In an effort to understand the signaling pathways that modulate anteroposterior neural gene expression we have investigated whether the similar activities of Xwnt-3a and bFGF to pattern neural tissue are independent, or whether they work in a combinatorial manner.
Results

Endogenous Wnt signaling is required for anteroposterior neural pattern
We first employed a loss-of-function approach to complement gain-of-function experiments which have implicated Xwnts in modulating anteroposterior neural gene expression (McGrew et al., 1995) . Specifically, we investigated the effects of a dominant negative Wnt ligand (dnXwnt-8) on neural patterning in vivo and in vitro. This reagent was previously shown to block responses of the mesoderm to Wnt-1, Xwnt-3a, and Xwnt-8 (Hoppler et al., 1996) , hence we would expect it to interfere with multiple endogenous Wnts in the developing nervous system.
In the first assay, dnXwnt-8 RNA was injected into two collateral cells on the dorsal side of the 8-cell embryo. Lineage tracing with b-galactosidase RNA demonstrated targeted expression throughout the neural tube (data not shown). The embryos were cultured until formation of the early neural plate (stage 14) and processed for in situ hybridization. Examination of an extreme anterior neural gene, Xanf-2, reveals a marked elevation in the area of expression in embryos injected with dnXwnt-8 RNA (Fig. 1B ) when compared to sibling controls ( Fig. 1A ; Table 1 ). The opposite effect is observed when two posterior neural genes, En-2 and Krox-20, are compared under identical conditions. Misexpression of dnXwnt-8 causes these midbrain and hindbrain markers to be suppressed (Fig. 1F ) when compared to controls ( Fig. 1E ; Table 1 ). Examination of the expression of the forebrain marker OtxA, which is expressed posterior to Xanf-2 but anterior to En-2 and Krox-20, is relatively unaffected (Fig. 1D compared to control, Fig. 1C ). In another group of embryos injected with dnXwnt-8 RNA we used an RT-PCR assay to monitor changes in the expression of a similar set of regional markers ( Fig. 2A) . A comparable pattern of expression is seen as in the in situ analysis, Xanf-2 expression increases slightly over levels seen in the control embryos and expression of En-2 and Krox-20 decreases. We conclude that in Xenopus embryos endogenous Wnt signaling is required for normal anteroposterior neural pattern. It has been previously shown that injection of high levels of dnXwnt-8 RNA can cause severe axial defects, although in these assays expression of the early dorsal marker gsc was unaffected (Hoppler et al., 1996) . Although the lower doses of dnXwnt-8 RNA used in Fig. 1 did not cause overt gastrulation defects, we decided to assess the effects of dnXwnt-8 on endogenous neural patterning in the Keller sandwich assay, where the anteroposterior polarity does not depend on the gastrulation movements of the underlying mesoderm. In these Keller sandwiches, two pieces of gastrula ectoderm are cultured in apposition with their attached dorsal lip mesoderm (Keller and Danilchik, 1988) . These explants undergo neural induction as in the embryo, resulting in the expression of region specific neural markers along the entire A/P axis. In our previous gain-of-function study we found that Keller explants made from embryos injected with Xwnt-3a RNA show a decrease in anterior neural gene expression with a concurrent increase in posterior neural gene expression (McGrew et al., 1995) . A similar set of regional markers were therefore analyzed by RT-PCR in Keller explants made from embryos injected with dnXwnt-8 RNA. In two independent experiments, expression of dnXwnt-8 in Keller explants promoted an increase in the expression levels of the anterior markers Xanf-2 and XAG-1, while reducing expression of the posterior markers En-2 and Krox-20, with no effect on OtxA expression (Fig. 2B) . Importantly, these results are consistent with the in situ ( Fig.  1 ) and PCR analyses ( Fig. 2 ) of intact embryos. Taken together, the in vivo and in vitro effects of dnXwnt-8 confirm and complement previous gain-of-function data (McGrew et al., 1995) and suggest that endogenous Wnt signaling is required to generate a complete anteroposterior neural axis in Xenopus embryos.
Xwnt-3a expression during early neural induction coincides with eFGF
In view of the evidence that FGFs can synergize with Wnts (reviewed by Moon et al., 1997) and the reported involvement of FGFs in modulating anteroposterior neural gene expression (reviewed by Doniach, 1995; Mason, 1996) , we investigated whether Xwnt-3a and FGF expression overlap. Previous work has shown that by early gastrulation both eFGF and FGF-3 are expressed in a region specific manner, in both mesodermal and ectodermal cell layers circumscribing the blastopore. The expression of both genes is maintained in the dorsal and lateral regions of the blastopore. Specifically, eFGF is strongly expressed in the involuting dorsal mesoderm that constitutes the posterior notochord ).
Previously we reported that endogenous Xwnt-3a was expressed during later embryogenesis in various regions of the neural tube and brain (Wolda et al., 1993) , but its expression was not analyzed sufficiently to allow comparison with the above members of the FGF family. We therefore analyzed the expression of Xwnt-3a in the gastrula and early neurula by in situ hybridization. At the early gastrula stage Xwnt-3a transcripts are enriched on the dorsal side above the blastopore lip (Fig. 3A) . Toward the end of gastrulation by stage 13, Xwnt-3a transcripts are expressed in the lateral margins of the future neural plate, with detectable expression in a diffuse ring around the blastopore (Fig. 3B ).
During neurulation, at stage 14/15, expression of Xwnt-3a continues along the anteroposterior axis on the dorsal ridge of the neural folds (Fig. 3C ) and towards the end of neurulation, at stage 19/20 during neural tube closure, it is strongly expressed in the posterior mesoderm in the dorsal-lateral regions flanking the blastopore (Fig. 3D) . A sagittal view through a stage 16/17 embryo shows anterior neural and posterior mesoderm staining along the anteroposterior axis as well as the dorsal portion of the circumblastoporal collar (Fig. 3E) . These results demonstrate that endogenous Xwnt-3a is expressed during gastrulation and neurulation in a pattern consistent with a potential role in anteroposterior axis specification. It is expressed along the entire neural axis and in the early posterior mesoderm. Consistent with the possible interaction of Wnt and FGF signaling during neural patterning, the early posterior expression of Xwnt-3a overlaps with both FGF-3 and eFGF, raising the possibility that both Wnt and FGF signaling pathways interact to bring about posterior pattern.
Wnt mediated posterior identity is partially dependent on FGF signaling
Given the overlap in expression of Xwnt-3a with at least two members of the FGF family, and given the similar abilities of Xwnt-3a and FGFs to posteriorize neural gene expression, we next investigated whether or not the ability of Xwnt-3a to posteriorize neural tissue was dependent upon a functional FGF signaling pathway. In order to test this hypothesis we compared changes in neural gene expression in explants expressing noggin, explants expressing noggin in the presence of Xwnt-3a or a dominant negative FGF receptor (XFD; Amaya et al., 1991) , and explants expressing both noggin and Xwnt-3a along with XFD. Four cell embryos were injected in the animal pole on the dorsal side with combinations of these RNAs, animal caps were excised at stage 8 and incubated until stage 20, then regional gene expression was examined by RT-PCR. While noggin alone induces the anterior genes Xanf-1, and Otx-2 (Fig. 4A, lane 3) co-injection of XFD has no effect on levels of these anterior genes induced by noggin (lane 4). As previously reported (McGrew et al., 1995) , Xwnt-3a suppresses the expression of these anterior genes, concomitant with elevating expression of the more posterior neural genes En-2 and Krox-20 (Fig. 4A, lane 5) . When XFD is co-injected with both Xwnt-3a and noggin, it blocks the ability of Xwnt-3a to suppress the anterior genes XAG-1, Xanf-1 and Otx-2, without altering the expression levels of two posterior genes, En-2 and Krox-20 (Fig. 4A , compare lane 5 to lane 6).
If FGF signaling were indeed required for the Wntmediated suppression of anterior genes, but not for its working with noggin to induce En-2 and Krox-20, then the effects of XFD should be mimicked by interfering with the FGF pathway at a cytoplasmic level. For this test we employed a non-reversible form of the cytosolic GTP-binding protein, Ras (dnRas; Whitman and Melton, 1992) , which is normally activated in response to FGF binding its receptor. In comparable experiments as in Fig. 4A , we observed that neural genes were not induced in the animal caps expressing dnRas RNA alone (Fig. 4B, lane 4) , nor did dnRas considerably alter the induction of Xanf-1, or Otx-2 by noggin (compare noggin alone, Fig. 4B lane 3, to noggin with dnRas, lane 5). Like XFD, when dnRas was expressed with both Xwnt-3a and noggin (Fig. 4B , lane 7 compared to lane 6) the dnRas blocked the ability of Xwnt-3a to suppress the anterior genes induced by noggin, with no effect on the induction of the posterior neural genes. We conclude that dominant negative forms of the FGF receptor, and of a cytoplasmic mediator of this pathway, antagonize the ability of Xwnt-3a to suppress anterior neural genes induced by noggin, without interfering with the combinatorial interaction of Xwnt-3a and noggin to induce posterior neural genes.
FGF neural patterning is dependent on Wnt signaling
The result of the above experiment suggests that the ability of Xwnt-3a to suppress the expression of anterior neural genes induced by noggin requires FGF signaling. This raises the reciprocal possibility that the reported ability of FGF to posteriorize neural tissue may be at least partially dependent on Wnt signaling. We therefore used FGF to posteriorize neural gene expression induced by noggin, and investigated how the dnXwnt-8 would affect this pattern of gene expression. The treatment of stage 10 animal caps with recombinant bFGF alone induces the expression of the spinal cord marker, HoxB9 (Fig. 5A , lane 2), while noggin alone induces the expression of Xanf-1, and Otx-2 (Fig. 5A, lane  3) . The combination of bFGF and noggin induces all of the axial markers tested, in the absence of dorsal mesoderm (Fig. 5A, lane 4) as reported previously (Lamb and Harland, 1995) . When dnXwnt-8 is coexpressed with noggin, and the explants are treated with bFGF, we observe a decrease in levels of expression of posterior neural genes, with an increase of Xanf-2, and negligible effects on expression of Otx-2 (Fig. 5A , lane 6 compared to lane 4). This result is very similar to the effects of ectopic dnXwnt-8 in both whole embryos and in Keller explants ( Fig. 2A,B) . Finally, as a control to insure that the dnXwnt-8 was functioning in this assay as predicted, we showed that the pattern of anteroposterior neural markers induced in animal caps by noggin and Xwnt-3a (Fig. 5B, lane 1 ) was restored to a pattern resembling noggin alone (Fig. 5A, lane 3) when the dnXwnt-8 was co-expressed (Fig. 5B, lane 2) . These data support the conclusion that the ability of FGF to work with neural inducing factors such as noggin to generate anteroposterior pattern is dependent upon Wnt signaling.
Discussion
Current molecular data support the view that the formation of the nervous system is a step-wise process very similar to what has been proposed by Nieuwkoop (1985) and Toivonen and Saxen (1968) . Specifically, anteroposterior pattern occurs with an initial acquisition of anterior pattern, followed by regionalization under the guidance of posteriorizing signals.
In support of this view we report that Wnt activity is required for anteroposterior neural patterning but not for initial neural induction. When a dominant negative Wnt ligand was expressed in embryos or in Keller explants, neural induction was still observed. However, the regional character of the induced neural tissue was consistently altered by the expression of dnXwnt-8 such that the expression of anterior neural genes was enhanced, and the expression of posterior neural genes was diminished. Previous gain-of-function experiments in animal caps treated with noggin, follistatin, (McGrew et al., 1995) or chordin (unpublished data) and Xwnt-3a also support a requirement for Wnts to impart complete anteroposterior pattern. Under these conditions, Xwnt-3a promotes expression of posterior neural genes and reduces expression of anterior neural genes only in the presence of noggin, follistatin or chordin. Therefore the results of the present study with dnXwnt-8, taken with our previous gain-of-function experiments with Xwnt3a, are consistent with Wnt activity being required specifically for anteroposterior neural patterning.
We note that Xwnt-3a has identical activities to Xwnt-1, Xwnt-8, and Xwnt-8b in a range of assays (reviewed by Moon et al., 1997) , and that the dominant negative Wnt used in the present study antagonizes the activities of all of these Wnts. Given that Xwnt-8 and Xwnt-3a are both expressed in the gastrula and neurula, and that Xwnt-1 is expressed in the nervous system thereafter, we must conclude that several endogenous Wnts are potentially involved in the posteriorization of neural gene expression which we have demonstrated with Xwnt-3a. Nevertheless, our present study demonstrates that Xwnt-3a is expressed at the right stage and in the right place to function as an endogenous neural patterning agent.
Our data also support and extend the previous hypothesis that FGF signaling is important in anteroposterior neural patterning (Doniach, 1995; Pownall et al., 1996) . In our current study, a dominant negative FGF receptor (XFD; Amaya et al., 1991) did not alter the ability of noggin to induce anterior neural tissue in explants, while addition of FGF increased the expression of posterior neural genes in animal caps induced by noggin. While the data presented here and elsewhere demonstrate that both Wnts and FGF can pattern neural tissue, these factors nevertheless exhibit differences in their neural patterning activities. For example, noggin induces the anterior markers Xanf-1 and Otx-2 in animal cap explants but in the presence of Xwnt-3a expression of both markers is reduced. At the same time there is an elevation in expression of the posterior neural markers En-2 and Krox-2, though not the spinal cord marker Hox B9 (designated Xlhbox-6 in McGrew et al., 1995) . In contrast, noggin in the presence of FGF does not reduce the expression of Xanf-1 or Otx-2, while there is a concurrent induction of posterior genes, including Hox B9.
The implication of both Wnts and FGFs in neural patterning raises the question of whether they work together, or independently, which has not previously been addressed. We approached this question in two ways. First, using regional markers we compared the character of the neural tissue produced by noggin and Xwnt-3a in the presence or absence of inhibitors of FGF signaling, the dominant negative receptor XFD, or a cytoplasmic dominant negative ras (dnRas). In the presence of these inhibitors, we found that Xwnt-3a was unable to suppress the expression of anterior neural genes, as it does in the absence of inhibitors of the FGF pathway. These data suggest that the ability of Xwnt-3a to suppress anterior neural genes is dependent upon a functional FGF pathway. Recent experiments have shown that overexpression of eFGF in the anterior neural plate results in the downregulation of Otx-2 expression (Pownall et al., 1996) . The authors show that under these conditions, posterior Hox Fig. 4 . Effects of inhibition of FGF signaling on the pattern of neural genes induced in explants by noggin and Xwnt-3a. RNAs were injected into the two dorsal blastomeres at the 4-cell stage, blastula caps were isolated and cultured until sibling embryos reached stage 20, then total RNA was isolated and processed for RT-PCR using the same set of regional neural markers as in Fig. 2A . ( gene expression is ectopically induced in anterior regions of the embryo. In our noggin cap assay, Xwnt-3a could synergize with the FGF pathway in a similar manner to reduce the expression of anterior neural genes.
The data also suggest that patterning anterior and posterior neural tissue are distinct events. For example in noggin induced neural tissue, the ability of Xwnt-3a to enhance expression of posterior neural genes was not affected by either XFD or dnRas. This result suggests that the pathways work in parallel and are not interdependent of one another to pattern the posterior neural axis. But another possibility exists where the Wnt pathway maybe a downstream effector of FGF signaling in the generation of posterior neural pattern. FGF acts in a similar manner as Xwnt-3a to induce more posterior neural genes in the presence of noggin, if this activity of FGF required Wnt signaling we should see a difference in the generation of posterior neural tissue when Wnt signaling is blocked. Indeed, we found that inhibition of Wnt signaling with dnXwnt-8 reduces the ability of FGF to pattern both anterior and posterior neural tissue. Therefore, the candidate neural patterning agents Xwnt-3a and FGF rely on each other to generate a complete anteroposterior neural axis, but the relationship is complicated and not purely reciprocal.
Previous research has established that Wnt signaling is required for the maintenance, but not the initial activation, of En-2 expression in Drosophila (DiNardo et al., 1988; Martinez-Arias et al., 1988) and in mice Danielian and McMahon, 1996) . These data raise the question of whether our experiments test a role for Wnt signaling in the induction or the maintenance of En-2 and Krox-20 expression. Because we are looking at the earliest onset of expression of En-2 and Krox-20 in the open neural plate and not at the later expression after neural tube closure, we propose a role for Wnt signaling in the induction of these genes independent of any role in their maintenance. While our experiments do not rigorously distinguish between a role for Wnt signaling in the initial induction versus the maintenance of expression of En-2 or Krox-20, the data further support our prior hypothesis (McGrew et al., 1995) that Wnt signaling plays a fundamental role in patterning the developing nervous system. While further work is necessary to ascertain which cells require which signaling factor during this interdependent process, the data presented here furthers the hypothesis that neural induction and patterning involves the combinatorial interactions of multiple signaling pathways, as previously suggested for mesoderm induction and patterning (reviewed by Kimelman et al., 1992) .
Experimental procedures
Whole-mount in situ hybridization
Wild-type and injected embryos (400 pg of dnXwnt-8 RNA injected into the two dorsal animal blastomeres at the 8-cell stage; Hoppler et al., 1996) , were grown to stage 14 and processed for in situ hybridization (Harland, 1991) using RNA probes for XANF2 (Mathers et al., 1995) and Otx-A (Lamb et al., 1993) and a mixture of En-2 and Krox-20 (Bolce et al., 1992) . Xwnt-3a probe was hydrolized prior to hybridization as previously described (Wolda et al., 1993) .
Embryo manipulation
For the preparation of Keller explants, embryos were injected at the 4-cell stage into the two dorsal blastomeres with approximately 0.75-1.00 ng of dnXwnt-8 RNA (Hoppler et al., 1996) or as a negative control, 1-2 ng of a biologically inactive frameshifted hedgehog RNA (fshh; Lai et al., 1995) . Keller sandwiches were prepared as described (Doniach et al., 1992 ) from stage 10-10.25 embryos and grown in Sater's modified Danilchik's solution until sibling controls reached stage 20-23. Intact embryos (analyzed at stage 16/17) and Keller sandwiches were prepared for RT-PCR as previously described (McGrew et al., 1995) .
Animal cap explants
Embryos were injected either at the 2-cell stage in the animal pole or at the 4-cell stage in both dorsal animal blastomeres with the following mRNAs: 10-100 pg Xwnt3a (Wolda et al., 1993) ; 100-600 pg Xenopus noggin (Smith and Harland, 1992) ; 500-750 pg dominant negative FGF receptor, XFD (Amaya et al., 1991) ; 500-750 pg dominant inhibitory Ras, dnRas or p21(Asn17) (Whitman and Melton, 1992) . For injections of multiple RNAs, a fixed concentration of total RNA was maintained by addition of a negative control RNA, fshh, to each mix.
Animal cap ectoderm was dissected from stage 8-9 embryos and cultured in NAM/2 until sibling embryos reached stage 19-23 when they were harvested for analysis by RT-PCR. For experiments involving treatment with basic FGF (UBI, catalog #01-106), animal cap ectoderm was dissected at stage 9-10 and incubated in LCMR + 0.5% BSA (Lamb et al., 1993) either in the presence or absence of 50 ng/ml bFGF and cultured until stage 20-23 followed by RT-PCR.
RT-PCR
Total RNA was isolated from 10-20 animal caps (or 5 mg of whole embryo equivalents) and processed for RT-PCR as described previously (McGrew et al., 1995) . Primer sets for analysis of XAG-1, , muscle actin and Ef1a are described by (Hemmati-Brivanlou et al., 1994) . In addition, primer sets for XANF-1 (Zaraisky et al., 1995) , F-5′-TCGCTTGTGATCTCCCCATAC-3′, R-5′-AGAGGTC-CAAGGCTCTATCAGG-3′ and Otx-2 (Blitz and Cho, 1995) were used where noted.
